SPACE TRAVEL HAS BEEN ASSOCIATED with increased risk of developing cancer and central nervous system damage attributed to unique exposures to galactic cosmic rays (GCR) and solar particle events (SPE) (22, 57) . Despite considerable progress to identify health risks to crewmembers during space travel, particularly from exposure to space radiation (SR), effects on the pulmonary system remain unexplored.
Although the incidence and mortality due to cancers such as leukemia and solid tumors are known to be increased in astronauts (15) , nontumor death was recognized recently as the most common cause of mortality in this group (56) . This finding was similar to the observed increase in noncancer, cardiovascular mortality in A-bomb survivors (27, 40) and was replicated in mice irradiated with 56 Fe ions, a particularly damaging component of GCR (54) . Given the importance of the pulmonary system to cardiovascular health as well as the impact of endothelial dysfunction to lung pathophysiology, we investigated whether SR exposure is associated with significant chronic pulmonary pathology.
In space, radiation risk stems from exposure to GCR and SPE, which contain high-energy nuclei (HZE) with an electric charge higher than ϩ2 (such as 56 Fe and 28 Si ions) and highand medium-energy protons (H ϩ ). Little is known about the lung's response to GCR and SPE exposures whose high linear energy transfer (LET) components penetrate deeply into exposed tissues and produce secondary radiations. The few previous reports of high-LET radiation effect on the lung have focused on potential mutagenic effects of radiation-induced oxidative stress or DNA damage on lung epithelial cells (32) . In contrast, there are extensive studies on the effect of highdose terrestrial, low-LET radiation such as gamma and X-rays on various tissues, including the lung. Given their distinct physical properties, the pathobiology of lung damage induced by low-dose space-relevant radiation exposure cannot be extrapolated from that induced by high-dose terrestrial radiation.
As part of a NASA-sponsored study to investigate space radiation-induced carcinogenesis, C3H/HeNCrl mice were exposed to 137 Cs gamma rays, protons (acute, low-dose exposure mimicking the 1972 SPE), 56 Fe ions (600 MeV/u), or 28 Si ions (350 MeV/u) at the NASA Space Radiation Laboratory at Brookhaven National Laboratory and then followed for over 2 years prior to assessment. Of note, although this mouse strain is relatively fibrosis resistant, compared with C57L/J (31) for example, C3H/He mice have been routinely used in studies evaluating radiation effects on the lungs, which typically consist of alveolitis/pneumonitis (36) . Since no previous reports exist of long-term pulmonary effects of space radiation, we are reporting here for the first time findings in a mouse model of total body exposure to relatively low doses of protons or of HZE ( 56 Fe, 28 Si ions), collectively referred to as SR, or similar doses of gamma radiation (found both in space and terrestrial). The doses chosen for this study reflect the relevant dose ranges of space radiations that astronauts are likely to be exposed to and enable detections of potential dose thresholds and/or doserate effects (21) . Although exposure of the lung parenchyma to high-dose terrestrial radiation in the context of radiotherapy or following a radiological accident is typically associated with the development of fibrosis (42), exposure to low-dose SR in this fibrosis-resistant yet radiosensitive mouse strain resulted in previously unappreciated radiation-induced pathology, characterized by enlargement of air spaces and biochemical and cellular changes indicative of chronic lung injury with decreased repair. This study identifies for the first time Space Radiation-Associated Lung Injury (SPRALI) as a new potential risk associated with space flight or similar exposures on Earth.
MATERIALS AND METHODS
Animals and irradiation procedures. Eight-to 10-wk-old male C3H/HeNCrl mice, an inbred mouse strain selected for its susceptibility to radiation-induced malignancies (66, 67) , were obtained from Charles River (Wilmington, MA) and shipped to Brookhaven National Laboratory (BNL) for irradiation. Animals were acclimated for at least 5 days prior to being irradiated with 137 Cs gamma rays at doses of 1, 2, or 3 Gy (terrestrial or space radiation) or with Ϫ50 -2,000 MeV/nucleon protons (1, 2, or 3 Gy); 600 MeV/nucleon 56 Fe ions (0.1 to 1 Gy); or 350 MeV/nucleon of 28 Si ions (0.1 to 1 Gy). The irradiation was performed at the NASA Space Radiation Laboratory at BNL. Because of the large numbers of animals, each dose group consisted of two cohorts irradiated ϳ12 mo apart. The doses chosen for this study reflect relevant exposure ranges of space radiations for astronauts (21) and were decided based on discussions with NASA. Details of the irradiation procedure have been described previously (66) . Control, age-matched mice were sham-irradiated at BNL under the same conditions as the irradiated groups. Three to 5 days postirradiation, mice were shipped to the University of Texas Medical Branch (UTMB), where they were housed in the Animal Resource Center in ventilated cage racks throughout the study. The total number of animals in each respective radiation source group and dose are as follows: n ϭ 18 control; n ϭ 24, 20, and 3 for 1, 2, and 3 Gy gamma, respectively; n ϭ 25, 25, and 11 at 1, 2, and 3 Gy proton, respectively; n ϭ 27, 24, 18, and 11 at 0.1, 0.2, 0.4, and 1 Gy 56 Fe, respectively; n ϭ 13, 12, 11, and 7 at 0.1, 0.2, 0.4, and 1 Gy 28 Si, respectively. All animal work was approved by the Institutional Animal Care and Use Committees at UTMB, BNL, the Children's Hospital of Philadelphia, and NASA-Ames Research Center. All animal facilities are AAALAC accredited.
Oxygen saturation measurements. As a readout of respiratory function, the levels of systemic oxygenation were measured with a noninvasive method, using a mouse-adapted pulse-oximeter (Starr Life Sciences, Oakmont, PA) (64). Mouse irradiation was staggered, resulting in groups of mice reaching end of experimentation at variable times. Thus mice were received in three separate shipments to be evaluated in a blinded fashion for lung function after an equilibration time of 3-4 days. For this, a pulse oximeter clip was placed on the shaved neck, above the carotid artery (50) . Mice were allowed to walk freely in a small chamber covered by a light blocking fabric supplied by the manufacturer. Mice were preadapted with a mock collar the day prior to evaluation. A 3-min reading of arterial oxygen saturation (SpO 2) was taken from each mouse and the average of these readings was calculated, and measurements containing error codes were excluded. All mice, including age-matched sham-irradiated controls, were processed for SpO 2 measurements (n Ͼ 10 mice per group) prior to assignment to separate evaluation paths such as bronchoalveolar lavage (BAL), histology, etc.
BALF analysis. BAL was performed through a 20-gauge angiocatheter (BD Pharmingen, San Diego, CA), with the intratracheal instillation of 1 ml PBS containing anti-protease cocktail (SigmaAldrich, St. Louis, MO) and 5 mM EDTA, in 0.5-ml increments. An aliquot was immediately separated to measure total leukocyte cell counts [cells/ml BAL fluid (BALF)] by using a Coulter Cell and Particle Counter (Beckman Coulter, Miami, FL). The remaining BALF was centrifuged (1,200 rpm; 10 min) and the cell-free supernatant was analyzed for total protein in the BALF (BCA Protein Assay Kit; Pierce, Rockford, IL) as per manufacturer's instructions. Absorbance was read at 560 nm (MRX Microplate Reader, Dynatech Laboratories, Chantilly, VA) and protein levels (mg/ml of BALF) were calculated.
Evaluation of oxidative lung injury. The measurement of thiobarbituric acid-reactive substances (TBARS) is a well-established method for screening and monitoring lipid peroxidation, a measure of excess oxidative stress that damages cellular lipids (4). Malondialdehyde (MDA), a product of lipid peroxidation and an indicator of oxidative stress (23) , was measured in BALF by use of a commercially available kit (Cayman, Ann Arbor, MI). The results were recorded as micromoles of MDA.
Tissue harvesting and histopathological evaluation. Since this mouse model of SR exposure was originally designed to study leukemia, the duration of the protocol included monitoring for enlarged spleens (as a sign of leukemia) until up to 800 days of age. Our lung study was performed on mice that survived to 800 days of age, or 730 days postirradiation (n ϭ 18 control mice; 24 gamma-, 25 proton-, 53 56 Fe-, and 20 28 Si-irradiated mice). For histological studies, the lungs were instilled in situ with buffered formalin through a 20-gauge angiocatheter placed in the trachea. The lungs of two subgroups of mice ( 56 Fe-and 28 Si-irradiated mice) were inflated gravitationally, under 22 cmH2O pressure. After ligating the trachea to entrap the intrapulmonary fixative, lungs were excised and immersed in buffered formalin overnight and processed for conventional paraffin histology. Sections were stained with hematoxylin and eosin (H&E) and examined by light microscopy. The glass slides contained cross sections from all five lobes of the lungs. The pathological changes investigated included the presence of malignancy, interstitial pneumonitis (expansion of alveolar walls with increased inflammatory infiltrate, edema, and/or increased interstitial collagen), bronchusassociated lymphoid tissue (BALT) hyperplasia, and emphysema-like air space enlargement.
Quantitative and semiquantitative assessment of air space size was performed by two approaches. H&E-stained sections from all lungs were evaluated by unbiased automated lung morphometry, performed as previously described (13) . Mean linear intercepts (MLI) were then analyzed by frequency distribution using Metamorph (Molecular Devices, Sunnyvale, CA) macros developed by Dr. Rubin Tuder (University of Colorado). Ideally, all lungs should have been harvested in a similar manner to exclude the possibility that differences in morphometry induced by the inflation procedures (i.e., manual inflation vs. gravitational inflation) may exist. We identified two groups of mice that were exposed to similar conditions (1 Gy 56 Fe) but that underwent a different inflation procedure. Automated, blinded morphometry on these groups identified minor, statistically insignificant differences between the two inflation groups (means Ϯ SE of 41.31 Ϯ 0.8 vs. 43.5 Ϯ 1.2 for manual vs. gravitational inflation, respectively; P ϭ 0.13). This led us to group mice irrespective of the inflation method used.
Semiquantitative assessment of fibrosis. Although the mouse strain used for this study is not known to develop prominent lung fibrosis in response to radiation (36), we evaluated lungs for fibrosis. Semiquantitative evaluation of fibrosis was done histologically by determining a radiation fibrotic index (FI) on histological lung sections stained with Masson's trichrome blue (39) .
Determination of apoptosis using lung tissue IHC and staining. Active caspase-3 immunohistochemistry (IHC) was performed as previously described (13) with blinded automated image analysis of captured random images of stained lung parenchyma, by using Metamorph (13) . TUNEL staining, using ApopTag Plus-Peroxidase (Millipore, Billerica, MA), was performed as described, by the suggested manufacturers' protocol (26) .
Sphingolipid measurements. Measurement of ceramides and sphingosine-1-phosphate (S1P) were performed on frozen lung tissue, using liquid chromatography tandem mass spectrometry (LC-MS/MS) and normalization by lipid phosphorus essentially as previously described (5, 6) with the following exceptions: the LC-MS/MS analysis was performed on AB Sciex 5500 QTRAP triple quadrupole ion trap mass spectrometer (AB Sciex, Foster City, CA) interfaced with Agilent 1260 LC system and using Ascentis Express C8 (75 ϫ 2.1 mm, 2.7 m) column for lipid separation. Standard curves for sphingoid base-1-phosphates and ceramide molecular species were constructed via the addition of increasing concentrations of the individual analytes to 40 pmol of the structural analogs of the sphingolipid classes used as the internal standards. Linearity and the correlation coefficients of the standard curves were obtained via linear regression analysis.
Western blotting. Levels of proteins of interest were detected by Western blotting of lung tissue lysates as previously described (55) . Briefly, protein lysates were prepared with RIPA buffer and resolved by SDS-PAGE. Unless otherwise stated, antibodies were from Cell Signaling Technology (Beverly, MA). The following primary antibodies were used for immunoblotting: p21 (1:500; Millipore), p16 (1:1,000; LifeSpan Biosciences, Seattle, WA), LC3B (1:20,000; Sigma-Aldrich), vinculin (1:10,000; Abcam, Cambridge, MA), phospho-Akt (1:500), Akt (1:1,000), mouse-specific SIRT1 (1:500), phosphor (Thr180/Tyr182)-p38 (1:500), total p38 (1:1,000). Respective horseradish peroxidase-conjugated secondary antibodies (1:5,000 -1: 10,000) were from Amersham and proteins were detected by using ECL Plus or ECL Prime.
Statistical analysis. Results are expressed as means Ϯ SE. Statistical differences among groups were determined by one-way ANOVA. When statistically significant differences were found (P Ͻ 0.05) comparisons vs. control were made by Dunnett's multiplecomparison test (Statview 4.0 and Prism 6, GraphPad Software). Statistical analysis of the results from the histopathological evaluation was performed by Fisher's exact test, comparing individual exposure groups (by radiation source and dose) to nonirradiated unexposed controls.
RESULTS

Hypoxemia.
We investigated lung sequelae of total body GCR exposure in the C3H/HeNCrl mouse strain developed to study GCR-induced carcinogenesis (7), such as acute myeloid leukemia. Mice were exposed to either low-LET 137 Cs gamma rays, or high-LET proton, 56 Fe, 28 Si, relevant to GCR and SPE (66) . At the time of euthanasia, 730 days postirradiation at 800 days of age, mean SpO 2 was determined prior to necropsy. Whereas in sham-irradiated control mice, SpO 2 was Ͼ95%, reflecting normal oxygenation, significant decreases in oxygen saturation to ϳ88% were noted in all mouse cohorts that were exposed to radiation (Fig. 1) . Interestingly, the decreases in oxygen saturation were dose dependent following radiation exposures, and similar doses (1 Gy) of 56 Fe ion or 28 Si ion radiation led to significantly lower oxygen saturation than gamma or proton-ray exposures.
Given that irradiated mice exhibited significant hypoxemia, we next evaluated whether their lungs exhibited pathological changes that could explain this abnormal respiratory function.
Histopathology. Light microscopic evaluation of lung sections from all irradiated cohorts and nonirradiated controls revealed several histopathological abnormalities. A notable finding was the presence of emphysema-like morphology, manifested as air space enlargement in lungs exposed to all radiation types ( Fig. 2A) . These changes were confirmed by an experienced pathologist, blinded to the identity of the lung sections. In the sham-irradiated control cohort, the majority (ϳ60%) of lungs displayed minimal, emphysema-like air space enlargement (involving Ͻ10% of the lung section), consistent with mild air space enlargement that occurs with age (10) . In contrast, lungs from mice exposed to both gamma radiation or SR had markedly increased presence of severe, air space enlargement. Notably, no lung fibrosis was observed in any lung sections, as determined following Masson's trichrome staining (data not shown), which may be explained by the strain's relative resistance to developing lung fibrosis (36) . In addition to air space enlargement, lung malignant tumors were observed in several animals exposed to all types of radiation, but not in the age-matched control, nonirradiated group (Table  1) . Similarly, BALT hyperplasia was noted in lungs exposed to all radiation types, with the exception of 28 Si. We defined these late histopathological changes associated with low levels of systemic oxygenation as SPRALI.
To further quantify the histopathology induced by space radiation, we performed automated morphometry on lung parenchyma only, as described (13), and obtained measurements of MLI of peripheral air spaces. Compared with nonirradiated mice, gamma ray-, proton-, and 28 Si ion-irradiated lungs demonstrated statistically significant increases in MLI (ANOVA with post hoc Dunnett's test, P Ͻ 0.05 vs. control). Although statistically insignificant, the MLI of 56 Fe ion-exposed irradi- ated lungs tended to be higher than those of controls (P ϭ 0.054) (Fig. 2B ). This effect was further evaluated by the cumulative frequency of alveolar size distribution, showing that SR-exposed lungs showed a right shift in the sizes of air spaces (Fig. 2C) , consistent with the pathologist's scoring of lung histology. Inflammation. To further elucidate possible mechanisms associated with SPRALI development, we focused on cellular and tissue processes typically involved in air space enlargement in emphysema. Lung inflammation was evaluated by measuring protein levels, total inflammatory cells, and neutrophil (polymorphonuclear cells) predominance in the BALF.
Dependent on the source, space radiation exposure induced distinct inflammatory cell responses in the BALF. Gamma and proton radiation significantly increased white blood cells (WBCs) in the BALF (up to 8.8-fold and 9.5-fold vs. control, respectively, Fig. 3A) , unlike exposure to 56 Fe, and 28 Si, which did not elevate WBCs. Cell differentials (Table 2) indicated that this late stage of SPRALI was associated with predominance of macrophages and neutrophils in the BALF in all groups. Neither eosinophils nor lymphocytes were detected in the BALF of these mice (Table 2) . Interestingly, the lungs exposed to 56 Fe or 28 Si radiation had higher percentages of neutrophils in the BALF compared with other radiation types, analogous to findings in BALF of cigarette smoke-exposed mice (14) . Following remote exposure to radiation, with the exception of high-dose 56 Fe, lungs had minor, nonsignificant increases in BALF protein levels, irrespective of radiation source (Fig. 3C) . These results are indicative of minimal endothelial barrier dysfunction (or effective repair following initial injury) and absence of lung edema.
Oxidative stress. Oxidative tissue damage relevant to spaceflight has been identified and confirmed recently in both lipids and DNA (45) . Specifically, lipid peroxidation plays a major role in mediating oxidative damage in tissues and is a quantitative indicator of oxidative stress within tissues and cells. In particular, the amount of MDA, a product of lipid peroxidation in lung tissues, has been a well-accepted measurement of levels of oxidative stress (38, 39) . SR-irradiated lungs had evidence of increased oxidative stress, as measured by MDA levels in the BALF (Fig. 3B) . Indeed, all SR types (1 Gy) that were evaluated exhibited a severalfold increase in oxidatively modified lipids ranging from 3.2 to 27.6 M MDA reflecting 14.5-, 23.4-, 49.2-, and 5.7-fold increase over nonirradiated agematched control mice (about 730 days postirradiation) for gamma, proton, 56 Fe, and 28 Si, respectively. Lung apoptosis. To focus on lung parenchyma cell apoptosis rather than large airways, we performed IHC on fixed lung sections using an antibody against active caspase-3, followed by blinded quantification of the signal in peripheral air spaces and alveoli using image analysis software (55) . SR-exposed lung parenchyma exhibited a significant increase in active caspase-3 expression compared with nonirradiated lung, and even compared with lungs exposed to similar doses of reference radiation (1 Gy) (Fig. 4, A and B) . Interestingly, even higher exposures to gamma radiation (2 Gy) had no significant effect on caspase-3 activation in the lung at this time point, or on the number of TUNEL-positive cells in the lung parenchyma (data not shown). Since we have previously shown that the ratio of the proapoptotic ceramide to that of antiapoptotic S1P closely correlates with lung apoptosis and air space enlargement (18), we next measured lung levels of these two bioactive sphingolipids using tandem mass spectrometry. At this (late) time point following irradiation, even the highest doses of radiation were not associated with ceramide species accumulations markedly different from control lungs (Fig. 5A) . Only 56 Fe radiation was associated with significantly elevated total lung ceramide levels (Fig. 5B) , primarily on the basis of palmitoyl fatty acid (C16:0)-containing ceramide species (Fig.  5A) . Compared with nonirradiated lungs, ceramide/S1P ratios were significantly higher especially in the SR-exposed group (proton, 56 Fe, and 28 Si), compared with sham-irradiated controls (Fig. 5C ). These effects were primarily due to significant depletion of the prosurvival, proproliferative sphingolipid S1P in the lungs of all irradiated animals (Fig. 5D) .
Lung cell signaling in vivo. The structural cell integrity in lung alveoli may be determined by the balance between cell death and proliferation/repair. Given the marked decrease in (proproliferative) S1P levels in SR-exposed lungs, we expected to identify other markers of reduced cell proliferative signaling in lungs with enlarged air spaces. We therefore measured the activation of the Akt signaling pathway, typically engaged by proproliferative and angiogenic actions of S1P (8, 30) . Lungs exposed to both reference radiation and GCR radiation displayed decreased phosphorylation of Akt (Fig. 6, A and D) , consistent with decreased activation of Akt pathway. This is in contrast to exposures to high doses of radiation in the setting of tumor treatment, which are reported to induce prosurvival Akt phosphorylation, via p38 MAPK activation (33) . Concordant with the status of de- Hematoxylin and eosin (H&E)-stained lung sections from control and irradiated animals were evaluated in a blinded fashion by a pathologist. Sections were evaluated for interstitial pneumonitis, defined as expansion of alveolar walls with increased inflammatory infiltrate, edema, and/or increased interstitial collagen. In addition, lungs were evaluated for presence of tumor nodules and bronchus-associated lympohid tissue (BALT) hyperplasia. Number of animals per group (N) ranged from 5 to 22. Significant differences (*P Ͻ 0.05) were detected by Fisher's exact test comparing individual exposure groups (by radiation source and dose) with nonirradiated unexposed controls. Significant differences (*P Ͻ 0.05) tested using Fisher's exact test comparing individual exposure groups (by radiation source and dose) to nonirradiated unexposed controls. Data reflect number (percent) of lungs that were histologically evaluated.
creased Akt phosphorylation in SR-exposed lungs, we measured markedly lower levels of p38 MAPK phosphorylation, especially in 56 Fe-and 28 Si-irradiated lungs (Fig. 6, E-H) . Interestingly, in addition to the lack of Akt activation, the downregulation of p38 MAPK signaling may be associated with the observed elevation in lung oxidative stress (48) .
Decreased cell proliferation may indicate not only reduced repair via repopulation but also could result from stressinduced autophagy or onset of cellular senescence. Recently, both autophagy and senescence were linked to the development of air space enlargement in emphysema (11, 72) . Identified by the presence of the lipidated form of autophagy protein micro- tubule-associated protein 1 light chain-3b (LC3B), the initiation of autophagy may indicate cellular stress and an effort to maintain cell survival during necessary repair or recovery from injury. One of the critical molecules involved in autophagy is LC3B. Both LC3B (I) and its lipidated form LC3B (II), identified as a lower molecular-weight band on Western blotting, were markedly elevated in the lungs exposed to radiation, regardless of source or dose (Fig. 7, A-D) . GCR-exposed lungs had decreased p62 protein expression, which typically indicates an active autophagy flux (Fig. 7E) . Senescence-associated markers included p16 and p21 (CIP1/WAF1), elevated in senescent cells, as well as the anti-aging deacetylase protein sirtuin-1 (Sirt-1), which decreases in emphysema-associated lung senescence (72) . Long-term response to gamma radiation increased p16 and decreased Sirt-1, without significantly affecting p21 (Fig. 8, A-C) . Proton-irradiated lungs exhibited all markers of accelerated senescence compared with age-matched mice (Fig. 8, D-F) . Although displaying reduced levels of p16, and variable abundance of p21, lungs of 56 Fe or 28 Si-irradiated mice displayed profound depletion of Sirt-1 (Fig. 8, G-K) . These data indicated that, in addition to increased apoptosis and autophagy, SPRALI may also be characterized by accelerated lung senescence.
DISCUSSION
Our results indicate a novel risk associated with space travel, space radiation-induced lung injury (SPRALI), characterized by loss of lung alveolar structures and functional changes resulting in air space enlargement and impaired respiration. These sustained histopathological changes in the lungs of mice persist even at almost 2 years following a single exposure to SR and are associated with aberrant cell signaling.
Radiation-induced lung injury has been well characterized as a serious clinical repercussion in patients receiving unfractionated high-dose radiotherapy for lung cancer (42, 46) . Acute responses to high-dose radiotherapy may include acute pneumonitis, in which a lung pathology of exuberant lung inflammation manifests as early as 2 wk after radiation. Chronically, high-dose radiotherapy can lead to radiation-induced lung fibrosis, characterized by collagen deposition and scarring that manifest several months after exposure. Radiation pneumonopathy has been previously modeled in C57Bl/6 mice, which are highly susceptible to develop radiation-induced lung fibrosis (24, 28, 37, 43, 47) . Unlike these lung risks of high-dose low-LET radiation associated with radiotherapy, space travelassociated radiation risk is the result of low-dose high-LET effects on the lung tissue. Although the acute effects of SR on the lung are largely unknown, our results indicate that longterm pulmonary effects are pathologically distinct from radiotherapy, with no noticeable lung fibrosis, but with evidence of air space enlargement. Previous work using exposure to SR such as heavy ions showed additional effects, including mutagenesis of the lung epithelium, directly from DNA damage or indirectly via production of reactive oxygen species (32, 65) , and epithelial-mesenchymal transition (3, 68 -70) . Although our study did not focus on the development of lung cancer, the lung histopathology of mice following remote SR exposure exhibited occasional tumor development along with marked remodeling manifested predominantly as air space enlargement. Although pulmonary function tests were not performed in these experiments, the marked degree of air space destruction coupled with impaired respiration manifested as systemic hypoxemia reflects that SPRALI may have significant functional consequences.
The findings of air space enlargement, mild neutrophilic inflammation, associated with impairment of prosurvival, cell repair signaling pathways indicate the mechanisms of SPRALI may share certain pathogenic features with the development of emphysema. Pulmonary emphysema is a major component of chronic obstructive pulmonary disease (COPD), a condition typically induced by chronic exposure to cigarette smoking. The key mechanisms responsible for COPD development include oxidative stress, cell death by apoptosis, adaptation via autophagy, and senescence with decreased repair (63) . Similar to models of apoptosis-dependent emphysema (18, 49) or following high-dose ionizing radiation exposures (34, 47), we measured increased ceramide/S1P ratio in the lungs of SRexposed mice. Ceramide is a metabolic precursor to S1P (25, 29, 71) , which is involved in cell survival and proliferation, in addition to modulation of immune cell development, differentiation, activation, and migration (44, 51) .
A major pathway of S1P signaling occurs by binding to a family of five G protein-coupled receptors (S1P1-S1P5) (41, 53) . We have previously shown that the lung ratio of ceramide/ S1P modulates cell fate and lung remodeling (18) . In particular, high ceramide/S1P causes cell death and emphysema-like pathology. In the present study, we observed that at 2 years following SR exposure, ceramide/S1P was increased in irradiated lungs, primarily due to decreased S1P expression. This could lead to decreased prosurvival signaling via S1P1, a receptor expressed on lung structural cells that, when stimulated by S1P, signals via the Akt pathway (59) . Consistent with decreased S1P levels, Akt phosphorylation was reduced in SR-exposed animals, supporting the notion that SR-injured lungs could not engage necessary cellular repair of enlarged air spaces. Typically, p38 is activated upstream of Akt by radiation exposure (33) . In addition, p38 is a kinase typically engaged by S1P to cause cell migration (9) . Si (D)-irradiated lungs was quantified as densitometric ratio to total Akt (means ϩ SE; n ϭ 3; *P Ͻ 0.01). E-H: phosphorylated p38 MAPK compared with total p38 in lung homogenates from mice exposed to gamma (E), proton (F), 56 Fe (G), or 28 Si (H). Vinculin was loading control. Each lane represents the lung protein extract from a distinct mouse. Fig. 7 . Lung cell autophagy markers induced by SR. A-D: immunoblots for LC3I and its lipidated form LC3II in lungs followed indicated radiation sources (unless otherwise noted, doses of 1 Gy). Vinculin was loading control. Each lane represents a distinct mouse lung. E: levels of p62 in the lung lysates of mice exposed to 56 Fe compared with control normalized to loading control. Means ϩ SE; *P Ͻ 0.05. N ϭ 3-5/group.
In concordance with decreased Akt activation and low S1P levels in SR-exposed lungs, we noted profound inhibition of p38 MAPK activity. Although we cannot exclude that p38 MAPK may be activated early in the time course of SR exposure, the mechanism by which p38 activity decreased below that of control animals is intriguing. In principle, it could be related to Cdk5rap3 (LZAP) (2), a putative tumor suppressor gene involved in DNA damage responses, or it could be related to upregulation of phosphatases such as PP2C␦ (WIP1), which directly dephosphorylates p38 (60) . Although the elucidation of the signaling pathways engaged by SR awaits future investigations, the functional effects of the profound, chronic p38 inhibition cannot be extrapolated from the traditional proapoptotic role of p38 activation triggered by acute stress. There are several less appreciated functions of p38␣ (61) , which may be specifically induced by radiation exposure. In this context of DNA damage, the functional significance of lower p38 phosphorylation levels may be related to inhibited cell mobility and repair, decreased cell proliferation via decreased cell cycle checkpoint progression, increased apoptosis, and/or increased oxidative stress (48) . Indeed, several of these features were identified in SPRALI.
Oxidative and nitrosative damage resulting from GCR and SPE exposure has been identified in several studies. Oxidatively injured organs such as the eyes (45), brain (17, 58) , and bones (1, 35) were identified as primary targets of SR exposure. An important finding of the present study is the identification of lung susceptibility to oxidative stress associated with SR. Prefaced by our reports of models lung sensitivity to therapeutic gamma ionizing radiation (50) , this study is the first report of long-term oxidative lung damage from SR.
In addition to oxidative stress, we detected elevated markers of cell autophagy and senescence, cellular states associated with decreased cell proliferation. Recent studies demonstrated that oxidative injury, including that caused by cigarette smoking, trigger autophagy, and accelerate lung aging characterized by cellular senescence and macromolecular DNA damage (52, 62) . The findings in SPRALI suggest that a similar mechanism of accelerated lung aging occurs in response to SR.
The doses of gamma radiation used in our studies (1-3 Gy) were significantly lower (less than 10-fold) than those of radiotherapy, but 10-fold higher than lifetime exposures to gamma radiation on Earth. Although not all end points indicated a dose-response, in general SR-specific proton, 56 Fe, and 28 Si exposures had similar pulmonary effects as gamma radiation (which can be encountered both on Earth and in space, for example on Mars) (73) , with several exceptions. We noted that 56 Fe and 28 Si ion exposure had marked effects on the lung structure and cellular function, dose independently in the range tested in this study. Compared with gamma or proton radiation, exposure to 56 Fe or 28 Si induced the lowest inflammatory response in BALF of mice. Compared with gamma exposures, all SR types (proton, 56 Fe, and 28 Si) induced more prominent apoptosis, higher ceramide/S1P ratios, and more pronounced Sirt-1 depletion. The most dramatic effect on air space enlargement was induced by proton exposure, which was characterized by a combination of a more robust lung inflammatory response (compared to other exposures) and a potent proapoptotic and prosenescence effect. However, our study had several limitations, in particular the lack of lung function testing and the exploration of a single late time point in the course of SPRALI, in a single mouse strain, which may not respond with exuberant fibrosis compared with other more typical strains. These considerations should spur future mechanistic studies of GCR types, timing, and doses, as well as efforts to evaluate human lung function even long term, following space travel to determine whether these findings can be extrapolated from mouse to human. This is the first study to determine whether lung effects could be observed following exposure to a low total SR dose. The next logical step is to determine the lung effects of repeated low-dose exposures, which may more accurately model exposures of space crew to SR. However, such studies are technically and logistically challenging, owing to the paucity of heavy ion beams available in the world, which require several years of planning and financing. Nevertheless, the presence of significant pulmonary effects even following a single low total dose of SR suggests that repeated exposure might pose even greater risk and will have to be further investigated.
Several already-recognized adverse effects of space radiation exposure include damage to the immune system, the central nervous system (27) , and the eye lens (12) , and the development of cancers (16) . Risk estimates have been developed for incidence and mortality of cancers such as leukemia and solid tumors (15) . However, when considering the lifetime total radiation risk (TRR) of astronauts for space flights, TRR in senior-age astronaut groups appears more likely to result in nontumor death (56) . This mortality may be related to the chronic effect of SR on the vascular system, including that of the lung.
In conclusion, the present study shows the first indication of SPRALI and identifies a novel risk relevant to space travel. Understanding the risks to space radiation exposures will inform the design of future approaches to mitigate lung risks to crewmembers' health during deep space exploration flights.
